The protein kinase mTOR (mechanistic target of rapamycin) in complex 1 (mTORC1) promotes cell growth and proliferation in response to anabolic stimuli, including growth factors and nutrients. Growth factors activate mTORC1 by stimulating the kinase Akt, which phosphorylates and inhibits the tuberous sclerosis complex [TSC; which is composed of TSC1, TSC2, and TBC1D7 (Tre2-Bub2-Cdc16 domain family member 7)], thereby stimulating the mTORC1 activator Rheb (Ras homolog enriched in brain). We identified the mechanism through which REDD1 (regulated in DNA damage and development 1) represses the mTORC1 signaling pathway. We found that REDD1 promoted the protein phosphatase 2A (PP2A) , is necessary for phosphorylation of TSC2, we observed a REDD1-dependent reduction in the phosphorylation of TSC2 and subsequently in the activation state of Rheb. REDD1 and PP2A coimmunoprecipitated with Akt from wild-type but not REDD1 knockout mouse embryonic fibroblasts, suggesting that REDD1 may act as a targeting protein for the catalytic subunit of PP2A. Furthermore, binding to both Akt and PP2A was essential for REDD1 to repress signaling to mTORC1.
INTRODUCTION
The serine/threonine protein kinase mechanistic target of rapamycin (mTOR) is a master regulator of the cellular signaling response to growth factor and nutrient sufficiency (1) . The kinase exists in two interdependent complexes with distinct functions. mTOR complex 1 (mTORC1) regulates processes such as protein synthesis, de novo lipogenesis, and autophagy, whereas mTOR complex 2 (mTORC2) modulates cell survival and migration (2) . To balance these processes with the energy and nutrient demands of a cell, two convergent signaling pathways have evolved to regulate mTORC1 activation: growth factors such as insulin signal to mTORC1 through one pathway, and amino acids such as leucine signal through the other (3) . Insulin and amino acids activate mTORC1 in a cooperative manner because signaling inputs from both pathways are necessary for maximal phosphorylation of the two best-studied mTORC1 substrates: 70-kD ribosomal protein S6 kinase 1 (p70S6K1) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) (3) (4) (5) .
Insulin activates mTORC1 primarily through the PI3K (phosphatidylinositol 3-kinase)/Akt signaling pathway, leading to the phosphorylation and inhibition of tuberous sclerosis complex 2 (TSC2). TSC2 acts in a complex with TSC1 and Tre2-Bub2-Cdc16 domain family member 7 (TBC1D7) as a GTPase (guanosine triphosphatase) activating protein (GAP) for Ras homolog enriched in brain (Rheb) (6) . Direct binding of Rheb-GTP (guanosine 5′-triphosphate), but not Rheb-GDP (guanosine diphosphate), with mTORC1 results in its activation (7) . On the other hand, amino acids activate mTORC1 through a TSC2-independent pathway that is mediated by a heterodimeric complex consisting of either Ras-related GTP binding (Rag) A or B (RagA/B) and RagC/D (8) . Deprivation of either complete amino acids or leucine alone suppresses mTORC1 signaling (9) ; however, expression of a dominantactive mutant of RagA/B is sufficient to maintain mTORC1 activity in cells incubated in amino acid-deficient medium (8) .
Various upstream repressors of mTORC1 signaling have been identified, including a 25-kD protein regulated in DNA damage and development 1 (REDD1; also known as DDIT4). REDD1 was initially identified as a gene induced by hypoxia and other stresses (10-13), but we have demonstrated that it is also induced by nutrient (14) and serum deprivation (15) in association with repressed mTORC1 signaling. Conversely, the enhanced protein synthesis and mTORC1 signaling that occur in skeletal muscle after a bout of resistance exercise is associated with reduced expression of both REDD1 and its homolog REDD2 (16) . REDD1 is a ubiquitous protein of low abundance in adult tissues; however, during development, changes in its abundance are dynamic and tissue-specific (17) . Thus, REDD1 likely serves as a key regulator of mTORC1 activation under various conditions, and not just as a stress response protein.
The mechanism through which REDD1 acts to repress mTORC1 signaling has been actively investigated for almost a decade, and the results of those studies have led to the development of a model in which REDD1 acts to promote the GAP activity of TSC2 toward Rheb, leading to accumulation of Rheb-GDP and subsequent repression of mTORC1 signaling. However, this has not been shown experimentally. Furthermore, the mechanism through which REDD1 might act to stimulate TSC2 activity is unclear, with the single proposal that REDD1 activates TSC2 by sequestration of 14-3-3, leading to stabilization of the TSC2 protein (18) being questioned in a later study (19) . Moreover, if REDD1 activates TSC2 GAP activity, it would be expected that overexpression of its substrate, Rheb, might overcome the repressive effects of REDD1 on mTORC1 signaling. However, although ectopic expression of Rheb attenuates REDD1-induced repression of mTORC1 in one report (12) , another study demonstrates that REDD1 overexpression does not prevent the repression (19) . Thus, the mechanism of REDD1 action remains unresolved.
The present study was designed to define the mechanism through which REDD1 acts to repress mTORC1 signaling. Using a cell line stably expressing REDD1 under an inducible promoter and mouse embryo fibroblasts (MEFs) deficient in REDD1 expression (REDD1 −/− ), we performed experiments that provide support for a model in which REDD1 promotes the association of protein phosphatase 2A (PP2A) with Akt, leading to dephosphorylation of the kinase on Thr 308 , a subsequent reduction in Akt-mediated phosphorylation of TSC2, and a decrease in the proportion of Rheb in the active GTP-bound state.
RESULTS

Increased REDD1 abundance represses mTORC1 in a concentration-dependent fashion
To study REDD1-mediated mTORC1 repression, we generated a human embryonic kidney (HEK) 293 cell line with tetracycline-inducible hemagglutinin (HA)-tagged REDD1, so that its abundance could be rapidly induced without subjecting cells to stress such as hypoxia or irradiation. Upon doxycycline administration, HA-REDD1 protein abundance was increased, reaching a maximum by 4 hours, which was maintained for at least 6 hours (Fig. 1A) . In the absence of REDD1 induction, the presence of growth factors and nutrients in complete cell culture medium maintained the activation state of mTORC1. However, even in the presence of serum and amino acids, increased REDD1 abundance was sufficient to repress mTORC1 signaling to p70S6K1 and 4E-BP1 in a concentrationdependent fashion (Fig. 1A) , an effect that was absent in HEK293 cells lacking inducible REDD1 (Fig. 1B) . Moreover, when cells were treated with cycloheximide to inhibit protein synthesis, REDD1 abundance was rapidly attenuated and mTORC1 signaling recovered (Fig. 1C) . These results demonstrate that REDD1 represses the activation state of mTORC1 in response to signaling inputs provided by growth factors and nutrients present in cell culture medium.
REDD1 acts to repress mTORC1 after activation by expression of Rags, but not after activation by expression of Rheb A previous report (20) suggested that mTORC1 is activated in response to cycloheximide due to the accumulation of intracellular amino acids. Furthermore, this effect is attenuated in cells lacking REDD1, suggesting an integral role for REDD1 in the cycloheximide-induced activation of mTORC1 (21) . The most proximal activators of mTORC1 are the small GTPases Rheb and Rags. Amino acids signal through the Rag complex and insulin through Rheb to coordinate activation of mTORC1 (3) . To assess the role of REDD1 in governing the activation state of mTORC1, HEK293 cells were transfected with a control plasmid, a plasmid expressing a constitutively active Rheb variant that preferentially binds GTP (caRheb), or a combination of plasmids expressing a variant of RagB that preferentially binds GTP and a variant of RagC that preferentially binds GDP (caRags), which dimerize to form a constitutively active RagBC complex (8) . Both deprivation of the single amino acid leucine and REDD1 induction attenuated the mTORC1-mediated phosphorylation of p70S6K1 on Thr 389 ( Fig. 2A) . Consistent with our previous findings (3), ectopic expression of caRheb was not sufficient to prevent the reduction in the phosphorylation of p70S6K1 caused by leucine deprivation (Fig. 2B) . On the other hand, when cells were maintained in complete growth medium, expression of caRheb was sufficient to prevent the REDD1-mediated inhibition of p70S6K1 phosphorylation (Fig. 2B,  compare lanes 1 and 3) . In contrast, whereas expression of caRags was largely sufficient to maintain mTORC1 signaling in leucine-deficient medium, it was insufficient to prevent repression of mTORC1 by REDD1 (Fig. 2C) . These findings are consistent with the conclusion that REDD1 acts upstream of Rheb, but not of Rags, to repress mTORC1. (Fig. 2D) , indicating an increase in the GTPase activity of Rheb. To further test the effects of REDD1 on Rheb-GTP loading, Rheb was immunoprecipitated with a configurationspecific monoclonal antibody that selectively recognizes Rheb-GTP after induction of REDD1 expression. In cells maintained in complete growth medium, Rheb-GTP loading was high, with about 90% of Rheb associated with GTP (Fig. 2D ). This observation is consistent with a previous report (22) that the proportion of Rheb bound to GTP is high in cells maintained in normal growth medium. After induction of REDD1, the proportion of Rheb bound to GTP was reduced to 57% after 1.5 hours and 25% after 4 hours of doxycycline treatment (Fig. 2E) , concomitant with reduced phosphorylation of p70S6K1 on Thr 389 (Fig. 2F) . Autophosphorylation of mTOR on Ser 2481 within the mTORC1 complex indicates activation of the complex (23) . To compare the reduction in Rheb-GTP binding with mTORC1 catalytic activity, we measured the autophosphorylation of mTOR on Ser 2481 in raptor immunoprecipitates after induction of REDD1 expression. In a manner that paralleled Rheb-GTP binding, induction of REDD1 expression reduced the phosphorylation of mTOR on Ser 2481 to 67% after 1.5 hours and 43% after 4 hours (Fig. 2, E and G) . Overall, these data demonstrate that REDD1 represses mTORC1 by attenuating Rheb-GTP loading.
REDD1 coimmunoprecipitates with TSC2 and 14-3-3
A previous study suggested that REDD1 activates TSC2, which acts as a GAP for Rheb, by sequestering the protein 14-3-3 and decreasing its inhibitory association with TSC2 (18) . To assess whether ectopic expression of REDD1 promoted dissociation of 14-3-3 from TSC2, FLAG-tagged TSC2 ( fig. S1A ), endogenous TSC2 ( fig. S1B) , and endogenous 14-3-3 (fig. S1C) were immunoprecipitated from cells incubated in the presence or absence of doxycycline treatment to induce REDD1 expression. Consistently, we observed coimmunoprecipitation of REDD1 with both TSC1/2 and 14-3-3, suggesting that all three proteins are potentially part of a multisubunit complex. However, neither the abundance of 14-3-3 nor that of TSC2 in the immunoprecipitate fraction was consistently altered in response to increased REDD1 abundance ( fig. S1 ).
Phosphorylation of TSC2 is enhanced in the absence of REDD1
To further investigate the mechanism whereby REDD1 governs the activation state of mTORC1, serum-starved REDD1 −/− and REDD1 +/+ MEFs were treated with insulin. Consistent with the repressive role of REDD1 in complete medium observed above, stimulation of p70S6K1 phosphorylation on Thr 389 was enhanced in response to insulin in REDD1 −/− MEFs as compared to REDD1 +/+ MEFs (Fig. 3, A and B) . Notably, the maximal insulin-induced phosphorylation of p70S6K1 on Thr 389 was enhanced by the absence of REDD1 (Fig. 3B) . Consistent with the effect of REDD1 on Rheb-GTP loading, phosphorylation of TSC2 on Thr 1462 and Ser 939 was increased in REDD1 −/− MEFs as compared to REDD1 +/+ MEFs after serum deprivation, and insulin-stimulated phosphorylation of these residues was also enhanced in cells lacking REDD1 (Fig. 3 , A, C, and D). Conversely, doxycycline-induced REDD1 expression in HEK293 Tet-on HA-REDD1 cells led to decreased phosphorylation of TSC2 (Fig. 3E ). These findings are consistent with a model in which REDD1 acts to repress the inhibitory phosphorylation of TSC2 in response to insulin, and because Akt mediates phosphorylation of TSC2 on Thr 1462 and Ser 939 (24) , the results suggest that REDD1 may act to repress the kinase activity of Akt toward the GAP.
REDD1 represses site-specific phosphorylation of Akt on Thr 308
To provide further evidence that REDD1 acts to repress Akt activity, we also evaluated the phosphorylation of two other Akt substrates, GSK3 (glycogen synthase kinase 3) and FoxO1/3. Similar to TSC2, phosphorylation of both GSK3 on Ser 21/9 and FoxO1/3 on Thr 24/32 was enhanced in serum-deprived REDD1 −/− MEFs as compared to REDD1 +/+ MEFs (Fig.  3A) . In addition, insulin-induced phosphorylation of both proteins was higher in REDD1 −/− MEFs than in REDD1 +/+ MEFs (Fig. 3, F and G). However, repressed activation of Akt did not initially seem consistent with reports from both our laboratory (15) and others (25) that demonstrate increased phosphorylation of Akt on Ser 473 in response to REDD1. To further assess this apparent discrepancy, phosphorylation of Akt on both Ser 473 and Thr 308 was measured because differential phosphorylation of these residues alters the substrate specificity of the kinase (26) . In accordance with our previous findings (15) , insulin-induced phosphorylation of (Fig. 3H) . Surprisingly, the effect of insulin on the phosphorylation of Akt on Thr 308 was distinctly different compared to that on Ser
473
. Specifically, phosphorylation of Akt on Thr 308 was higher in REDD1 −/− MEFs than in REDD1 +/+ MEFs (Fig. 3I) . Furthermore, increased REDD1 abundance specifically attenuated phosphorylation of Akt on Thr 308 (Fig. 3E  and fig. S2A ), but not on Akt Ser
, in HEK293 Tet-on HA-REDD1 cells, whereas parental cells lacking HA-REDD1 did not show obvious changes in the phosphorylation of either phosphorylation site (Fig. 3E and fig.  S2B ). REDD1 expression reduced the ratio of Akt phosphorylation on Thr 308 to Ser 473 by 60% (Fig. 3J ). Because PDK1 (3-phosphoinositidedependent protein kinase 1) phosphorylates Akt on Thr 308 (27) , we also evaluated activation of this upstream kinase. However, REDD1 induction did not alter the phosphorylation of PDK1 on Ser
241
, an autophosphorylation site in the activation loop of the kinase, or the phosphorylation of another PDK1 substrate, p70S6K1, on Ser 229 (Fig. 3E) . Together, these findings are consistent with a model in which REDD1 inhibits activation of mTORC1 by specifically impairing the phosphorylation of Akt on Thr 308 , an effect that is independent of changes in PDK1 activity.
PP2A coimmunoprecipitates with Akt in the presence of REDD1
Because the changes in the phosphorylation of Akt on Thr 308 could not be explained by modulation of PDK1 activity, we tested the alternative hypothesis that REDD1 promotes the dephosphorylation of Akt on Thr 308 by modulating protein phosphatase activity toward the residue. The site-specific dephosphorylation of Akt on Thr 308 by PP2A has been previously demonstrated both in cells and with recombinant proteins (28) . HA-tagged REDD1 from doxycycline-treated cells coimmunoprecipitated with both Akt and the catalytic subunit of PP2A (PP2Ac), but not with ERK (extracellular signal-regulated kinase) or PP1 (Fig. 4A) .
To further explore the role of REDD1 in regulating phosphorylation of Akt on Thr 308 , a constitutively active variant of Akt (caAkt) was used. The caAkt variant bears a myristoylation signal that targets the protein to the plasma membrane, promoting its phosphorylation on Thr 308 by PDK1 and on Ser 473 by mTORC2 (29) . Ectopic expression of caAkt is not sufficient to maintain mTORC1 signaling in cells subjected to hypoxia, a condition that potently increases REDD1 abundance (18) . Thus, we questioned whether REDD1-mediated recruitment of PP2A and dephosphorylation of Thr 308 might be sufficient to inhibit the downstream effect of Akt that is "constitutively activated" by targeting to the plasma membrane. Indeed, increased REDD1 abundance not only repressed the phosphorylation of p70S6K1 on Thr 389 in the presence of caAkt but also resulted in a 29% decrease in the phosphorylation of caAkt on Thr 308 (Fig. 4B ). To gain further evidence of REDD1-mediated targeting of PP2A to Akt, immunoprecipitates of HA-tagged caAkt overexpressed in serum-starved REDD1 −/− and REDD1 +/+ MEFs were probed for REDD1 and PP2A. Whereas REDD1 and PP2A were both detected in the anti-HA-tag immunoprecipitate from REDD1 +/+ MEFs, neither protein was detected in immunoprecipitates from REDD1 −/− MEFs (Fig. 4C) . REDD1 was also necessary for the interaction of PP2A with Akt in response to endoplasmic reticulum (ER) stress. Induction of ER stress in response to thapsigargin treatment was confirmed by increased abundance of the transcription factor ATF4 (activating transcription factor 4) in treated compared to control cells (Fig. 4D) . Moreover, induction of ER stress by thapsigargin promoted the coimmunoprecipitation of PP2A with Akt in REDD1 +/+ MEFs, but not in REDD1 −/− MEFs (Fig. 4D ). If REDD1 acts to repress mTORC1 signaling by targeting PP2A to Akt to promote dephosphorylation of Thr 308 , then REDD1 variants that do not repress mTORC1 signaling are unlikely to either promote the interaction of the phosphatase with Akt or cause dephosphorylation of Thr
308
. A form of REDD1 with an Ala substitution at Pro 139 does not inhibit mTORC1 (19) . Structure/function studies suggest that Pro 139 is located in a surface patch on the protein that is critical for function (19) . This "functional hotspot" also includes Lys 219 and Tyr
222
, and simultaneous alanine substitutions at these residues (KYAA) completely abrogate the ability of REDD1 to repress mTORC1 signaling (19) . To test the possibility that these critical residues participate in REDD1-mediated recruitment of PP2A to Akt, HEK293 Tet-On cells were transiently transfected with empty vector, wildtype HA-REDD1, or either the P139A HA-REDD1 or the KYAA HA-REDD1 variants. In confirmation of the previous study (19) , expression of wild-type REDD1 suppressed mTORC1 signaling, whereas expression of the two variants had no effect (Fig. 4E) . Notably, unlike wild-type REDD1, the P139A and KYAA variants also failed to repress phosphorylation of Akt on Thr 308 (Fig. 4E) . Moreover, whereas Akt and PP2A coimmunoprecipitated with wildtype HA-REDD1, the association of both proteins with the P139A REDD1 variant was reduced (Fig. 4E) . Furthermore, although PP2A was present in KYAA HA-REDD1 immunoprecipitates, little or no Akt was detected.
Structural studies of PP2A have identified a conserved loop in the PP2AB regulatory subunit that is required for its interaction with the core enzyme (30) . Intriguingly, a number of these residues, including an obligatory glutamic acid that is required for dephosphorylation of PP2AB-targeted substrates (31), align with residues in REDD1 (Fig. 4F) , raising the possibility that REDD1 functions in a manner analogous to a regulatory B subunit of PP2A in the recruitment of the core enzyme to Akt. To evaluate this possibility, Glu 68 was mutated to alanine to assess the role of this residue in REDD1-mediated mTORC1 inhibition. As previously observed with the P139A and KYAA REDD1 variants, REDD1 E68A failed to attenuate phosphorylation of either p70S6K1 on Thr 389 or Akt on Thr 308 (Fig. 4G) . Further, PP2A failed to coimmunoprecipitate with the E68A variant, although Akt was still detected in the immunoprecipitate. Overall, these results are consistent with a model in which binding both Akt and PP2A is essential for REDD1 signaling to mTORC1.
DISCUSSION
Our results support a model in which REDD1 acts to repress mTORC1 signaling by promoting PP2A-dependent dephosphorylation of Akt on Thr 308 , leading to reduced phosphorylation of TSC2 and subsequently to reduced Rheb-GTP loading ( fig. S3) . A previous study (28) demonstrated the preferential dephosphorylation of Akt on Thr 308 by PP2A, with little or no effect on phosphorylation of Ser 473 , and our results corroborate that finding. We found that ectopic expression of REDD1 led to reduced phosphorylation of Akt on Thr 308 , whereas in REDD1-deficient MEFs, insulin-stimulated Akt phosphorylation on Thr 308 was enhanced. A key difference between the present study and a previous study (28) is that the earlier study did not assess the possible involvement of REDD1 in the differential dephosphorylation by PP2A. We also extend the findings of Kuo et al. (28) , showing that ectopic expression of REDD1 results in increased association of both Akt and the catalytic subunit of PP2A with REDD1, suggesting the formation of a multiprotein complex consisting of REDD1, Akt, and PP2A.
The activity of Akt is regulated by the phosphorylation and dephosphorylation of multiple residues. In response to growth factors, the activation loop of Akt is phosphorylated at Thr 308 by PDK1 (27) , whereas the C-terminal hydrophobic motif is phosphorylated by mTORC2 at Ser 473 (32) (36) . Our finding that the selective dephosphorylation of Akt on Thr 308 that occurred in response to increased REDD1 expression was associated with decreased phosphorylation of at least three Akt substrates (TSC2, GSK3, and FoxO1/3) provides further support for this conclusion.
PP2A is a major cellular serine/threonine phosphatase and exists in both a dimeric form (referred to as the core enzyme) consisting of a catalytic (C) and a scaffold subunit (A), and a trimeric form (referred to as the holoenzyme), which, in addition to the A and C subunits, also includes a B regulatory subunit (37) . Four diverse gene families account for about 15 different PP2AB subunits (38) . Although the different family members and isoforms of PP2AB bind to the same recognition sequences of PP2AA, they have distinct gene sequences. Akt directly interacts with the PP2A-B55 holoenzyme (28) . We showed that only the catalytic subunit (PP2Ac) interacted with REDD1. Thus, REDD1 may not only promote a stable interaction of the phosphatase with Akt, leading to preferential dephosphorylation at Thr 308 , but also function as a regulatory B subunit of PP2A. On the basis of the studies showing that mTORC1 signaling is not repressed by REDD1 in cells deficient for TSC2 (39) , it has been assumed that REDD1 activates TSC2 GAP activity and consequently decreases the proportion of Rheb in the GTP-bound form. However, we showed that Rheb-GTP loading was inversely proportional to the amount of REDD1 expressed. Notably, mTORC1 activity, assessed either by the autophosphorylation of mTOR on Ser 2481 in raptor immunoprecipitates or by the changes in phosphorylation of the mTORC1 substrate p70S6K1, was also inversely proportional to REDD1 expression but, conversely, was directly proportional to the amount of Rheb bound to GTP. We also showed that REDD1-induced inhibition of mTORC1 was attenuated by ectopic expression of a Rheb variant that preferentially binds to GTP, but not by a combination of constitutively active RagB and RagC. Overall, our results suggest that REDD1 acts to repress mTORC1 signaling through activation of Rheb GTPase activity.
A caveat to this conclusion is that REDD1-induced inhibition of mTORC1 has previously been shown to be incompletely prevented by Rheb overexpression (19) , although that study used wild-type Rheb, rather than caRheb, and consequently, its GTP loading status would have been sensitive to TSC2 activation state. Thus, as long as the total amount of Rheb did not exceed the capacity of TSC2 to stimulate its GTPase activity, then repression of mTORC1 signaling by REDD1 expression would still be detected. Note that, in agreement with our results, a previous study in which caRheb was overexpressed (26) showed that REDD1 did not repress mTORC1 signaling.
One model that has been proposed to explain how the TSC complex acts to repress mTORC1 involves the dissociation of the active TSC1-TSC2 complex as a result of TSC2 phosphorylation by Akt and subsequent sequestration of TSC2 by 14-3-3 proteins (18) . In support of that model, various studies have shown that Akt phosphorylates TSC2 on multiple residues (40) , and in some studies, phosphorylation of TSC2 is associated with increased association of the protein with 14-3-3 proteins (41-43). We found that changes in REDD1 abundance were inversely associated with alterations in phosphorylation of both Akt and TSC2. This finding might seem to provide a missing piece to the puzzle: by inhibiting Aktmediated phosphorylation of TSC2, REDD1 would promote dissociation of TSC2 from 14-3-3 proteins, thereby allowing it to bind to TSC1 to form the active TSC complex. However, we did not observe either a decrease in TSC2 association with 14-3-3 proteins or an increase in association of TSC2 with TSC1 in response to increased REDD1 abundance, suggesting that REDD1 may work through additional mechanisms to regulate TSC2 function. In this regard, Menon et al. (44) have shown that Akt does not promote release of TSC2 from TSC1, but instead activates mTORC1 by causing dissociation of the TSC holocomplex from the lysosomal membrane where Rheb is located. Moreover, other studies (45, 46) suggest that Akt-mediated phosphorylation of TSC2 is not responsible for its interaction with 14-3-3 proteins, but that instead phosphorylation of the protein by mitogen-activated protein (MAP) kinase on Ser 1210 is essential for 14-3-3 binding. Thus, although it is clear that TSC2 binds to 14-3-3 proteins, whether REDD1 also binds to them is unclear. Indeed, structural analysis of the REDD1 protein suggests that the 14-3-3 binding motif in REDD1 is not conserved, and immunoprecipitation studies suggest that REDD1 does not interact directly with 14-3-3 proteins (19) . Our findings neither prove nor disprove the model in which REDD1 promotes TSC1-TSC2 complex assembly by sequestering 14-3-3 proteins. However, the presence of REDD1 in both TSC2 and 14-3-3 immunoprecipitates suggests that the association of REDD1 and TSC2 with 14-3-3 proteins is more complex than originally anticipated.
Our results establish REDD1 as a dominant governor of mTORC1 activity that attenuates Rheb-GTP loading such that phosphorylation of p70S6K1 and 4E-BP1 is impaired in cells cultured in complete cell culture medium. Mechanistically, REDD1 promotes dephosphorylation of Akt on Thr 308 and represses TSC2 activation through the recruitment of PP2A to the kinase ( fig. S3) . Thus, REDD1 not only governs mTORC1 activity in response to growth factors and nutrients but also modulates Akt phosphorylation in a manner that potentially alters the substrate specificity of this critical kinase.
MATERIALS AND METHODS
Materials
Protease inhibitor mixture was purchased from Sigma, and ECL Western blot detection reagent was from Pierce. Horseradish peroxidase conjugate, anti-phospho-S6K1 (Thr   389   ) , and goat anti-rabbit immunoglobulin G antibodies were purchased from Bethyl Laboratories. Anti-REDD1 antibody was purchased from Proteintech, anti-phospho-p70S6K1 Ser 229 antibody was purchased from Abcam, anti-PP2A was purchased from Transduction Laboratories, and anti-GAPDH antibody was purchased from Santa Cruz Biotechnology. Anti-PPP1CA antibody was purchased from Antibody Verify, and all other antibodies were purchased from Cell Signaling Technology. Cell culture medium lacking leucine, histidine, and pyruvate was a custom formulation purchased from Atlanta Biologicals; histidine was added to the medium before use.
Construction of pTRE tight HA-REDD1 plasmid
A cDNA (complementary DNA) clone (MGC-12610) encoding human REDD1 was purchased from the American Type Culture Collection and used as a template for polymerase chain reaction (PCR). Primers (sense: 5′-CGCGAATTCGGATGCCTAGCCTTTGGGAC-3′ and antisense: 5′-CTCATTGAGGAGTGTTGACTCGAGGGATCCCGC-3′) were used to generate a product that was digested and ligated into the Eco RI/Xho I restriction sites of a mammalian expression plasmid (pCMV; Clontech) that encoded REDD1 with an N-terminal HA epitope. The resultant plasmid, pCMV HA-REDD1, was used as a template in a PCR with primers (sense: 5′-CTCGGTACCATGTACCCATACGATGTTC-3′ and antisense: 5′-CGCGGATCCTCAACACTCCTCAATGAG-3′) to generate the HA-REDD1 insert that was digested and cloned into the Kpn I/Bam HI restriction sites of a doxycycline-responsive plasmid, pTRE tight HA-REDD1 (Clontech).
Derivation of HEK293 Tet-On HA-REDD1 advanced stable cell line HEK293 Tet-On cells (Clontech) were transfected in a 60-mm dish according to the manufacturer's recommendations using 5 ml of Lipofectamine 2000 (Life Technologies) with 0.5 mg of pTRE tight HA-REDD1 together with 0.025 mg of a linearized hygromycin selection marker. After 5 hours, the same volume of high-glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen) with 20% fetal bovine serum (FBS) was added to avoid lifting cells from the plates. Transfected cells were passaged 48 hours after the start of transfection and replated at a series of low densities in DMEM with 10% FBS and maintained under selective pressure of G418 (100 mg/ml) and hygromycin B (200 mg/ml). Surviving colonies that formed were selected using cloning cylinders, and frozen stocks were established.
Cell culture
Parental HEK293 Tet-On cells or HEK293 Tet-On HA-REDD1 cells were maintained at 37°C and 5% CO 2 in DMEM supplemented with Tet System Approved FBS (Clontech) and placed under selective pressure using G418 and hygromycin B as described above. Where indicated, cell culture medium was supplemented with doxycycline (1 mg/ml; Clontech) to induce HA-REDD1 protein expression and 1 mM cycloheximide to block protein synthesis as indicated. Wild-type and REDD1 knockout MEFs (provided by L. Ellison, Massachusetts General Hospital Cancer Center) were maintained similarly, but DMEM was supplemented with 1% penicillin/streptomycin (Invitrogen) and 10% heat-inactivated FBS (Atlas Biologicals). Transfections were performed with Lipofectamine 2000 according to the manufacturer's instructions. The following plasmids were used in transfections: pRK5-Myc-Rheb-S16H (provided by K.-L. Guan, University of California, San Diego), pRK5-HA-GST-RagC-S75L and pRK5-HA-GST-RagB-Q99L (purchased from Addgene; deposited by D. Sabatini, Massachusetts Institute of Technology), pRK7-FLAG-TSC2 (provided by J. Blenis, Harvard Medical School), and pCMV5-HA-caAkt (purchased from Addgene; submitted to Addgene by M.-C. Hung). A pRK5 empty vector was used as a control plasmid. Cells were deprived of serum and/or leucine for 2 hours and then treated with insulin (Novolin) for 30 min as indicated. In other experiments, cells were administered 100 nM thapsigargin (Sigma) for 4 hours. Cells were harvested in 1× SDS sample buffer for analysis of total cell lysate by SDS-polyacrylamide gel electrophoresis and Western blot analysis as previously described (47) . Site-directed mutagenesis was performed on pTRE tight HA-REDD1 plasmid using QuikChange Lightning (Agilent Technologies) and the following primers: 5′-CCTACAGC-GAGGCGTGCGGCCTG-3′ and 5′-CAGGCCGCACGCCTCGCTGTAGG-3′ to mutate Pro 139 to Ala; 5′-GCTTCCGAGTCATCAAGGCGAAGCTGTAC-AGCTCGG-3′ and 5′-CCGAGCTGTACAGCTTCGCCTTGATGACTCG-GAAGC-3′ to mutate Lys 219 to Ala; 5′-AGCAGCTGTTCCGAGCT-GGCCAGCTTCTTCTTGATGAC-3′ and 5′-GTCATCAAGAA-GAAGCTGGCCAGCTCGGAACAGCTGCT-3′ to mutate Tyr 222 to Ala; and 5 ′ -GTA AG CCG TG TCT GC CTCC GG CCCG A A-3′ an d 5 ′ -TTCGGGCCGGAGGCAGACACGGCTTAC-3′ to mutate Glu 68 to Ala. All plasmids were sequenced to confirm mutations and then transiently transfected into HEK293 Tet-On cells using Lipofectamine 2000 as described above.
Immunoprecipitations
Immunoprecipitations were performed on 1000g supernatant fractions of cell lysates. Raptor immunoprecipitations were performed as previously described (47) . Akt immunoprecipitation was performed with 10 ml of Protein G Plus/Protein A-Agarose (EMD Millipore) and 4 mg of anti-Akt/PH domain antibody (Upstate). TSC2 (48) and 14-3-3 (49) immunoprecipitations were performed as previously described. For anti-HA and anti-FLAG immunoprecipitations, 10 ml of either anti-HA-agarose affinity resin (Sigma) or EZview Red Anti-FLAG M2 Affinity Gel (Sigma) was used. Beads were washed with CHAPS lysis buffer [10 mM potassium phosphate (pH 7.2), 0.3% CHAPS, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl 2 , 50 mM b-glycerophosphate] and blocked with CHAPS lysis buffer containing 1% bovine serum albumin. Cells were harvested in CHAPS lysis buffer supplemented with 1 mM sodium vanadate and protease inhibitor mixture (10 ml/ml), and lysed for 30 min at 4°C. Cell supernatants were collected by centrifuging lysates for 3 min at 1000g and incubated with the appropriate affinity resin for 2 hours. Affinity resins were washed (three times) with either cold CHAPS lysis buffer or radioimmunoprecipitation assay (RIPA) wash buffer [25 mM tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS], resuspended in 1× SDS sample buffer, and boiled for 5 min. The immunoprecipitates were subjected to Western blot analysis.
Measurement of Rheb-GTP loading status
Rheb-GTP loading was assessed as previously described (50) with the following modifications. HEK293 Tet-On HA-REDD1 cells were cultured in 10-cm dishes and transfected with pRK7-FLAG-Rheb (provided by J. Blenis, Harvard Medical School). Forty-eight hours after transfection, cells were placed in phosphate-free DMEM (Gibco) supplemented with 10% FBS for 90 min and treated with doxycycline to induce HA-REDD1. Cells were labeled with [ 32 P]phosphate (25 mCi/ml) for 4 hours. Cells were collected in lysis buffer [0.5% NP-30, 50 mM tris (pH 7.5), 100 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 1 mM benzamidine, 200 mM sodium vanadate, and protease inhibitor mixture (10 ml/ml)]. FLAG-Rheb was immunoprecipitated with Anti-FLAG M2 Affinity Gel, and the Rheb-bound nucleotides were eluted with elution buffer (2 mM EDTA, 0.2% SDS, 1 mM GDP, 1 mM GTP) at 68°C. GTP and GDP were resolved by TLC and visualized by a Typhoon 9400 PhosphorImager (GE Healthcare). Rheb-GTP loading was also assessed using a RheB Activation Assay Kit (NewEast Biosciences) according to the manufacturer's instructions.
Statistical analysis
Data are presented as means ± SEM. Statistical analysis was performed with GraphPad Prism and R. The quantitative graphics and statistical assessments were largely derived from three biological replicates per group, with each biological replicate being the average of two to three technical replicates. Values used to normalize/calibrate the results in each assay were appropriately excluded from the statistical analysis. Data in Fig. 2 (E and G) were analyzed overall with an analysis of variance (ANOVA), and trend test and pairwise comparisons were conducted with Tukey's test for multiple comparisons. The dose-response curves for REDD1 −/− and REDD1 +/+ MEFs in Fig. 3 were analyzed using a linear regression model after controlling for insulin dose. In Figs. 2D, 3J , and 4B and fig. S2 , a two-sample t test comparison compared controls to other groups. P < 0.05 was considered statistically significant.
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www.sciencesignaling.org/cgi/content/full/7/335/ra68/DC1 Fig. S1 . Effect of REDD1 on the interaction of 14-3-3 protein with TSC2. 
Abstracts
One-sentence summary: REDD1 targets a phosphatase to the kinase Akt, thereby changing the substrate specificity of Akt and inhibiting mTORC1 activity.
Editor's Summary: Altering Kinase Specificity to Limit Cell Growth
Metabolic signals are coupled to pathways that mediate cellular growth and proliferation through mTORC1, a complex consisting of the kinase mechanistic target of rapamycin (mTOR) and the regulatory component raptor. Insulin and other growth factors activate the kinase Akt, which then phosphorylates and suppresses the activity of a complex that inhibits mTORC1. Several mechanisms have been proposed to explain how mTORC1 signaling is inhibited by REDD1 (regulated in DNA damage and development 1), a stress-inducible protein. Dennis et al. found that REDD1 acted as a targeting unit for a phosphatase that dephosphorylated Akt at a specific site. Once dephosphorylated by this REDD1-phosphatase complex, Akt had different substrate specificity and did not phosphorylate and inactivate the mTORC1 inhibitor. By changing the substrate specificity of Akt, REDD1 could potentially affect the activity of other signaling pathways in which Akt participates.
